Atherothrombotic vascular diseases, such as myocardial infarction and stroke, are the leading causes of death in the industrialized world.
The Life-and-Death Cycle of the Macrophage in Atherogenesis and the Consequences of Lesional Macrophage Apoptosis A therogenesis begins with the focal retention of plasma apolipoprotein B-containing lipoproteins by extracellular matrix molecules in focal areas of the subendothelial intima of medium-sized arteries (42) . This event, which is essential for atherogenesis, triggers a maladaptive inflammatory response, which likely occurs after the retained lipoproteins have been modified by oxidation, aggregation, and other means. The inflammatory response is dominated by the influx of bone marrow-derived monocytes, which diapedese through the endothelium and take up residence in the intima (13, 24) . Once there, the monocytes differentiate into macrophages, which then ingest the retained and modified lipoproteins.
In early-through mid-stage atherogenesis, the most prominent macrophage process is foam cell formation, which involves the ingestion and metabolism of lipoproteinderived cholesterol. Specifically, the lipoprotein-cholesterol is trafficked from late endosomes to the endoplasmic reticulum (ER), where the enzyme acyl-CoA=cholesterol acyl transferase (ACAT) esterifies the cholesterol to cholesteryl fatty acyl esters (CEs) (3) . The CEs coalesce into membrane-bound cytoplasmic lipid droplets, which give the cells a foamy appearance by microscopy.
The functional consequence of early lesional foam cell formation on atherogenesis has been debated (38) , but genetic studies in mice in which monocytes are depleted or monocyte entry into lesions is blocked suggest that these macrophages contribute to the progression of atherosclerosis (37) . The mechanism may involve secretion of proatherogenic molecules, such as inflammatory cytokines and proretentive extracellular matrix molecules, by macrophage foam cells (13, 24, 42) . The overall concept that early-to mid-stage macrophages are proatherogenic has also been suggested by studies investigating the consequences of macrophage apoptosis in these lesions (40) . Although macrophages are relatively longlived cells, a finite incidence of macrophage apoptosis occurs throughout atherogenesis. In studies in which early lesional macrophage apoptosis was blocked by genetic engineering in mice, the lesions became more cellular, and atherogenesis was accelerated (23) . The converse has been observed when early lesional macrophage apoptosis is enhanced (i.e., a decrease in lesion progression) (1) . These data further support the notion that macrophages play a proatherogenic role and suggest that the turnover of macrophages by apoptosis limits lesion cellularity in early atherogenesis.
In advanced lesions, macrophage apoptosis increases, and the functional consequences appear to be markedly different from those in earlier lesions (40) . In particular, increasing evidence suggests that advanced lesional macrophage apoptosis is associated with the development of a key feature of so-called ''vulnerable plaques'': plaque necrosis (2). Vulnerable plaque is a term used to describe the minority of atherosclerotic lesions that progress to the point at which they can trigger acute, occlusive luminal thrombosis, which is the terminal event that precipitates acute coronary syndromes like unstable angina, acute myocardial infarction, sudden cardiac death, and stroke. These vulnerable plaques are characterized not by their larger size but rather by certain key characteristics, such as plaque necrosis, a heightened state of inflammation, and thinning of the ''protective'' collagenous scar, or ''fibrous cap,'' that forms in advanced atheromata (45) . These properties render the plaques more prone to rupture or erosion, which then exposes the overlying luminal blood to procoagulant and prothrombotic molecules in the necrotic intima.
A number of cellular events contribute to vulnerable plaque formation, including secretion of pro-inflammatory, procoagulant, and proteolytic molecules by macrophages as well as the death of macrophages, intimal smooth muscles cells, and possibly endothelial cells. However, plaque necrosis per se is thought to be particularly important, because it is thought to promote plaque disruption and luminal thrombosis through activation of inflammatory signaling, proteolysis of fibrous cap collagen, and promotion of coagulation and thrombosis by cell-released proteins and lipids (20) . In addition, the physical nature of the lipid-rich fibrous cap places mechanical stress on the fibrous cap that is thought to contribute to its disruption (16) .
The Critical Function of Efferocytosis Throughout Atherogenesis
Why does macrophage apoptosis decrease lesion cellularity and progression in early lesions but promote plaque necrosis in more-advanced lesions? One likely explanation is that the normal physiologic process of phagocytic clearance (''efferocytosis'') of apoptotic cells is more efficient in earlier than in later lesions (32, 40) . To understand this concept, it is important to define the term ''necrosis.'' At the cellular level, necrosis refers to a type of cell damage in which cellular membranes, including the plasma membrane, become leaky, and organelles swell, resulting in cell death and leakage of cellular contents into the extracellular environment (7). The released cellular debris is a potent inducer of inflammation in neighboring immune cells, such as macrophages and T cells (9) .
Necrotic cell death is to be distinguished from apoptotic cell death, which is characterized by intact membranes and condensed organelles and which does not usually incite inflammation unless the cells are not rapidly cleared by phagocytes (see later) (7) . At the tissue level, necrosis refers to areas that have accumulated necrotic cell-derived debris (e.g., ''caseating necrosis'' in tuberculosis lesions in the lung). For the purpose of this review on atherosclerosis, I shall refer to cell necrosis as ''macrophage necrosis'' and to tissue necrosis as ''plaque necrosis.''
The most common cause of cell necrosis in vivo is so-called postapoptotic, or secondary, necrosis, which results from the lack of efficient phagocytic clearance (''efferocytosis'') of apoptotic cells (15) . In normal physiology, during which apoptosis occurs at a very high rate with estimates as high as hundreds of billions of cells per day, apoptotic cells are rapidly cleared by both professional and ''nonprofessional'' phagocytes. Importantly, the clearance of apoptotic cells elicits an active antiinflammatory response in efferocytes (8) . When efferocytosis is not efficient, as is thought to occur in disease states such as systemic lupus erythematosus and advanced atherosclerosis (see later), apoptotic cells become necrotic, as defined earlier, and an inflammatory response ensues (15) .
The lack of plaque necrosis and inflammation associated with macrophage apoptosis in early atherosclerotic lesions implies efficient efferocytosis, although this has never formally been proven. In advanced lesions, the converse appears to be the case, and here supporting experimental evidence exists. In particular, Schrijvers and Martinet (33) meticulously scored advanced human lesions for free and phagocyte (macrophage)-associated apoptotic cells, which were identified by the terminal deoxynucleotidyl transferase biotindUTP nick-end labeling (TUNEL) stain. In comparison with human tonsils, an organ with efficient efferocytosis, advanced atheromata had a larger number of non-macrophageassociated TUNEL-positive cells. Furthermore, a number of molecular genetic causation studies in mice have been performed in which genes involved in efferocytosis, such as apolipoprotein E, transglutaminase 2, milk fat-binding globulin, and Mertk, have been targeted (41) . In many of these models, disruption of efferocytosis is associated with plaque necrosis and, when examined, an increase in the number of non-macrophage-associated TUNEL-positive cells. Thus, it is likely that a defect in efferocytosis in advanced atheromata, the cause of which is not yet known, leads to postapoptotic macrophage necrosis and eventually plaque necrosis.
The Role of Endoplasmic Reticulum Stress in Advanced Lesional Macrophage Apoptosis
As summarized earlier, advanced lesional plaque necrosis likely involves a combination of macrophage apoptosis and defective efferocytosis. Thus, understanding the mechanisms of these two processes is a critical goal in atherosclerosis research. In this section, I discuss a key area related to mechanisms of advanced lesional macrophage apoptosis. For a discussion of possible mechanisms of defective efferocytosis, the reader is referred to previous reviews on this topic (32, 40) .
All cells possess a highly conserved and integrated set of pathways called the unfolded protein response (UPR) or integrated stress response (ISR) that are designed to protect the endoplasmic reticulum (ER) from a variety of physiologic and pathophysiologic perturbations (18, 31) . These perturbations include increased protein synthesis (''client load''); disturbances in ER calcium homeostasis; alterations in the physical property of the ER membrane bilayer (e.g., by certain types of 2334 TABAS lipids); disturbances in the redox environment of the ER; and misfolded proteins. Three major branches of the UPR are known, each with specific functions related to correcting the aforementioned perturbations of the ER. Of great interest, evidence indicates that these branches also regulate the delicate balance between cell survival and apoptosis in cells (22, 50) . From a teleologic viewpoint, one may imagine that evolution has designed the UPR to keep cells alive to enable the repair process to proceed but also to have a ''fail-safe'' mechanism to trigger cell death if the perturbation is irreparable. The branch of the UPR that has been associated most with apoptosis involves the UPR effector CHOP, or GADD153 (50). In particular, whereas shortterm induction of CHOP is an important element of the protective UPR, prolonged expression of CHOP can lead to cell death. Many mechanisms of CHOP-induced apoptosis have been explored in cultured cells, including generation of reactive oxygen species and downregulation of Bcl-2 (39), but evidence for a dominant proapoptotic mechanism in vivo is lacking. UPR-induced apoptosis can also be coordinated with suppression of the other two branches of the UPR (the IRE1-XBP1 and ATF6 branches), which can, under certain circumstances, promote cell survival (22) .
Austin and colleagues (29) raised the idea that the UPR may play a role in atherosclerosis by showing that homocysteine, a potentially proatherogenic molecule, causes ER stress-induced growth arrest in endothelial cells. Our group was interested in mechanisms of advanced lesional macrophage apoptosis. Based on the finding that macrophages in advanced atheromata accumulate large amounts of free cholesterol (FC) (17), we used a model in which apoptosis of cultured macrophages was induced by loading the cells with large amounts of lipoprotein-derived unesterified, or ''free,'' cholesterol (46) (47) (48) . Under normal conditions, lipoprotein-derived FC is trafficked to the ER, where it is fatty acyl-esterified by the enzyme acyl-CoA:cholesterol acyl transferase (ACAT). FC accumulation in the macrophage model, therefore, requires inhibition or genetic targeting of ACAT (46) . In vivo, a mouse model of advanced atherosclerosis in which macrophage ACAT was gene-targeted showed increased advanced lesional macrophage death (10) , and several studies in which ACAT inhibitors were used in humans revealed worsening of atherosclerosis or heart disease in the drug-treated group (28, 43) .
In searching for mechanisms of FC-induced apoptosis, we made the observations that FC loading led to UPR activation and CHOP induction in a manner that depended on cholesterol trafficking to the ER and that macrophages from Chop À=À mice showed *70% protection from FC-induced apoptosis (11) . Moreover, strong correlations were found among FC accumulation in the ER membrane, increased-order parameter (''stiffening'') of the normally liquid-disordered (''fluid'') ER membrane, and inhibition of the ER calcium-pump sarcoplasmic=endoplasmic reticulum calcium-dependent ATPase (SERCA) (19) . Thus, a plausible hypothesis was one in which FC loading, through biophysical changes in the ER membrane, led to depletion of ER calcium through inhibition of SERCA, subsequent dysfunction of calcium-dependent protein chaperones, and eventual activation of the UPR secondary to chaperone dysfunction.
In vivo data supporting a role for the UPR in advanced lesional macrophage apoptosis come from a number of studies. For example, aortic root lesions of Apoe À=À mice in which lipoprotein-cholesterol trafficking to the ER was compromised by a heterozygous mutation in the cholesterol-trafficking protein NPC1 showed a decrease in advanced lesional macrophage apoptosis and plaque necrosis (12) . Austin and colleagues (49) found evidence of CHOP induction in the aortic root lesions of Apoe À=À mice, and we recently observed a decrease in advanced lesional macrophage apoptosis and plaque necrosis in Apoe À=À mice that are also deficient in CHOP (44a). Moreover, Myoishi et al. (27) found a striking correlation among ER stress markers, including CHOP; plaque vulnerability; and lesional apoptosis in samples of human coronary artery plaques. Together, these diverse pieces of experimental data support at least a partial role for UPR-induced apoptosis in the death of advanced lesional macrophages.
The Multihit Model of ER Stress-Induced Macrophage Apoptosis
We initially reasoned that FC-induced macrophage death was simply an example of UPR=CHOP-mediated apoptosis. Indeed, it is well known that if a very potent UPR inducer, such as high-dose tunicamycin (a protein glycosylation inhibitor) or thapsigargin (a SERCA inhibitor), is added to cultured cells, apoptosis will ensue. However, ER stress in vivo is probably more subtle and, by itself, insufficient to cause apoptosis. Rather, ER stress would reduce the threshold for one or more additional ''hits'' to trigger cell death. In that sense, we imagine that cells in vivo ''sample'' various subthreshold noxious stimuli in their environment and trigger the ''suicide'' response of apoptosis only when the combination of these stimuli signals irreparable damage.
Of interest in this regard, a number of compensatory cellsurvival pathways, such as Akt, ERK, NF-kB, and p38a, are activated in the setting of ER stress, and some of the additional hits appear to function by suppressing these pathways (see later).
In the case of apoptosis in ER-stressed macrophages, this ''multihit'' concept was initially supported by our observation that apoptosis induced by lipoprotein-derived FC could be markedly suppressed by the absence or inhibition of two cell-surface pattern-recognition receptors (PRRs) that interact with atherogenic lipoproteins, the type A scavenger receptor (SRA) and Toll-like receptor 4 (TLR4) (6, 35) . The inhibition of apoptosis in these experiments occurred despite unsuppressed UPR activation, indicating that the UPR alone was not sufficient for apoptosis. Moreover, apoptosis could be induced by combinations of a low-dose nonlipoprotein ER stressor, such as thapsigargin, plus an SRA=TLR4 ligand, such as fucoidan or acetyl-LDL, but not by either agent alone (35) .
Many ER stressors and PRR ligands are known to exist in atheromata (34) , and a number of these combinations can induce macrophage apoptosis-completely in the absence of FC loading (35) . Thus, the multihit model broadens the applicability of ER stress-induced macrophage apoptosis beyond the FC model. Examples of lesional ER stressors include oxidant stress, peroxynitrite, insulin resistance, glucosamine, saturated fatty acids, hypoxia, homocysteine, oxidized phospholipids, oxysterols such as 7-ketocholesterol, and serum starvation (34) . Examples of lesional PRR ligands that trigger macrophage apoptosis during ER stress include lesionmodified forms of LDL, advanced glycation end products (AGEs), b-amyloid, and oxidized phosphatidylcholine (34) .
Beginning with the observation that combinations of subthreshold ER stress plus PRR engagement could trigger apoptosis, further experimental work revealed a complex web of signal-transduction pathways that lead to apoptosis (Fig. 1 ). In this model, a combination of activation of proapoptotic signaling and suppression of compensatory cell-survival pathways eventually leads to cell death.
Mechanistic studies have revealed several key hubs in this web of pathways as well as a number of integrated amplification loops. Two of the key hubs are calcium= calmodulin-dependent protein kinase II (CaMKII) and NADPH oxidase-mediated reactive oxygen species (ROS) (21; J. Timmins, L. Ozcan, et al., unpublished data; G. Li, et al., unpublished data). Specifically, ER stress and CHOP, through various mechanisms, promote ER calcium release and activation of CaMKII, which in turn activates a number of proapoptotic pathways, including JNK-mediated Fas induction, mitochondrial membrane depolarization, STAT1 activation, and NADPH oxidase activation. NADPH oxidase-induced ROS generation, in turn, amplifies this pathway through effects on calcium release and also by suppressing compensatory Akt-mediated cell-survival signaling (G. Li, et al. and T. Seimon, et al., unpublished data). Engagement of PRRs is necessary for apoptosis because it further contributes to STAT1 activation and also silences a cell-survival pathway mediated by interferon-b (21, 35) .
A remarkable feature of this network is that none of the proapoptotic steps by itself is alone sufficient for apoptosis, which reflects the subthreshold nature of the steps and, most important, the critical role of compensatory cell-survival signaling. This latter point was recently demonstrated in two in vitro projects, one linking ER stress and efferocytosis and the other linking ER stress=PRR-mediated apoptosis with insulin resistance in macrophages. In the first project, efferocytes that ingest FC-loaded apoptotic cells were found to be highly resistant to FC-induced death because NF-kB and Akt-mediated cell-survival pathways are activated in these cells (5) . Conversely, macrophages with defective insulin signaling, a hallmark of type 2 diabetes, have suppressed NF-kB and Akt signaling. NF-kB suppression is mediated by increased nuclear localization of FoxO1, which induces that NF-kB inhibitor IkBe (36) .
Different components of this integrated web have been tested in vivo. STAT1 deficiency in bone marrow-derived cells (macrophages in atheromata) in Western diet-fed Ldlr À=À mice suppresses advanced lesional macrophage apoptosis and plaque necrosis (21) . Similar results have been obtained with CHOP deficiency (44a) and with deficiencies of two apoptosis-inducing PRRs, SRA and CD36 (25) .
Two examples of how compensatory cell-survival signaling plays a role in vivo are Apoe À=À mice treated with pioglitazone, which suppresses the NF-kB cell-survival pathway in ERstressed macrophages (44) , and Apoe À=À mice with macrophage-deficient p38a MAPK, which activates an Akt-mediated cell-survival pathway in ER-stressed macrophages (35a). In both cases, the experimental mice showed increased advanced lesional macrophage apoptosis and plaque necrosis. Finally, in view of the increased sensitivity of insulin-resistant macrophages to ER stress-PRR-induced apoptosis (see earlier), Ldlr À=À mice reconstituted with macrophages lacking insulin Macrophages in advanced atheromata are exposed to a number of factors that induce ER stress and also to multiple ligands for pattern-recognition receptors (PRRs). ER stress via CHOP induction and other mechanisms triggers ER calcium release. The resultant increase in cytosolic calcium, through activation of CaMKII, induces multiple proapoptotic pathways, including STAT1, JNK-Fas, calcium-induced mitochondrial depolarization, and NADPH oxidase-mediated ROS. When combined with combinatorial PRR signaling, such as SRA-TLR4 and CD36-TLR2, some of the proapoptotic pathways are amplified, and some compensatory cell-survival pathways are suppressed. The combination of all of these events tips the balance between subthreshold proapoptotic signaling and compensatory cell-survival signaling in favor of apoptosis. The key concept imbedded in this multihit model is that each of the proapoptotic hits are not, by themselves, sufficient to trigger apoptosis under the ''subtle'' conditions of the in vivo environment. Rather, the cells monitor the environment for a variety of noxious stimuli and do not trigger a suicide response unless the combination of these stimuli is deemed to indicate damage that is beyond repair. See text for details.
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receptors-a proof-of-concept model of macrophage insulin resistance-showed increased advanced lesional macrophage apoptosis and plaque necrosis (14) . This finding may have relevance to the increasing epidemic of insulin resistanceassociated atherothrombotic vascular disease, which is specifically associated with lesions having large necrotic cores (4).
Summary and Conclusions
Most individuals in industrialized societies have numerous atherosclerotic lesions in their coronary, carotid, and other susceptible peripheral-site arteries. Although only a small portion of these lesions will progress to plaques that have the potential to trigger acute occlusive luminal thrombosis, the toll of this progression on morbidity and mortality in our society is huge. Current cholesterol-lowering therapy has made a substantial impact on lessening plaque progression and clinical events, but atherothrombotic vascular disease still remains the leading cause of death in the industrialized world. The gains in cardiovascular disease prevention achieved by cholesterol lowering have been curtailed somewhat by the epidemic of obesity, insulin resistance, and type 2 diabetes, which are potent risk factors for atherothrombotic vascular disease and advanced plaque progression. In this context, complementary therapeutic approaches directed at the arterial wall in general, and plaque progression in particular, could have a tremendous effect on lessening disease burden, particularly given that type 2 diabetes will be an increasingly dominant force in promoting these processes for the foreseeable future.
However, to achieve this goal, two major advances are needed: readily available and clinically useful imaging techniques that focus on advanced plaque morphology and a fundamental knowledge of the pathophysiology of plaque progression. Plaque progression involves a number of complex processes, including the topics of this review-ER stress-induced macrophage apoptosis and defective efferocytosis-but also including other forms of macrophage death, death of intimal smooth muscle cells and possibly endothelium, and roles played by living macrophages in advanced plaques.
Within the focus of this review, the hope exists that knowledge of how the combination of ER stress-induced macrophage apoptosis and defective late lesional efferocytosis can some day lead to a novel therapeutic strategy. For example, in other settings of ER stress-induced pathology, so-called chemical chaperones have been investigated as therapeutic agents (30) . Likewise, strategies to enhance efferocytosis have been explored in the setting of systemic lupus erythematosus, in which defective clearance of apoptotic neutrophils in joints is thought to contribute to the disease (26) . Coordinated developments in the areas of advanced plaque imaging and the cellular and molecular biology of plaque progression offer the best hope of realizing these goals.
